A successive forging process of long aluminum and stainless steel plates with an inclined punch was developed to produce a long plate having an inclined cross-section. In this process, the forging load becomes small due to the repeat of local deformation. A side guide and a grooved die were introduced to prevent the curvature of the forged plate. The effects of the forging interval on the deformation behavior of the plate and the forging load were examined. The successive forging process of long plates having an inclined cross-section with a punch having a taper bottom is useful for minimizing waving and depression of the formed plates.
Introduction
Blades for cleaning and regulating toners used in laser beam printers are produced by shearing long plates having an inclined cross-section. Although the long plates having an inclined cross-section are generally produced by cutting, the material loss is problematic. When rolling processes are applied to the long plates having an inclined cross-section, the plates are curved due to non-uniform reduction in thickness. It is desirable in electrical industry to develop a forming process of long plates having an inclined cross-section. Jin and Murata (2004) have developed a flexible successive forging process of curved plates with an inclined punch and adjusted the curvature of the forged plate by changing the forging interval of the plate. To produce a sheet metal with an inclined cross-section, Kuboki et al. (2014) have improved the successive forging process with a tiltable punch to control the inclination angle of the punch. It is not easy to produce a long straight plate having an inclined cross-section because of curvature. Fang et al. (2009) have formed high strength aluminum alloy bars having a complex cross-section by hot extrusion using a double pocket die. Although aluminum alloy bar can be extruded, stainless steel bars are not extruded because of high heating temperatures. Yoon et al. (2013) have developed a two-step forging process of seat recliner parts because of reduction in weight and improvement in the stiffness. However, the forging load becomes high due to large contact area.
In this paper, a successive forging process of a long plate having an inclined cross-section was developed. The successive forging reduces the large deforming area and hence reduces the load required. As the forming load is reduced, small mechanical presses conventionally used in forming industry can be employed. The effects of the punch shapes and forging intervals on the forging load, plate waving and curvature were investigated in this study.
Nomenclature i
forging interval t thickness of plate w 1 maximum width of plate w 2 minimum width of plate
Procedure of successive forging of long plate
A successive forging process was developed to produce a long plate having an inclined cross-section as shown in Fig. 1 . After the plate is fed into the compression region ( Fig. 1(a) ), the long plate is forged by a punch to form an inclined cross-section ( Fig. 1(b) ). The plate is then fed again into the compression region with the same forging interval for the next compression process (Fig. 1(c) ). These steps are repeated. The experimental setup of successive forging is shown in Fig. 2 . A feeder machine was added to allow plate feeding into the compression region. The feeder fed the material with a specific forging interval. Three guides were utilized during the forging process. An entrance guide aligned the plate into the compression region. The exit guide consists of a side guide and an upper guide. The side guide is used to reduce the curvature of the plate during forging. The upper guide is used to reduce the plate curvature in the thickness direction. In order to examine the effect of the punch shapes on the plate having an inclined cross-section, two types of inclined punch were used in this experiment. The punches having a flat and taper bottoms are shown in Fig. 3 (a) and Fig. 3(b) , respectively. Both of the punches have the same surface inclination of 5.7 o (front view) that will give the plate an inclined crosssection. Comparing between these two punches, the flat bottom punch has a flat horizontal surface while the taper bottom punch has a 5 o inclination surface with a 6 mm of a flat surface (side view). The effects of the punch shapes on the plate deformation behavior will be discussed later.
In this forging process, the long plates were made from aluminum A1050 and stainless steel SUS430. The length of the plates was 500 mm. The thickness of the aluminum plates was 2.0 and 3.0 mm. The plate width for both materials was 8 mm. The plate conditions are shown in Table 1 . A 1500 kN mechanical servo press was employed during forging process. The total amount of feed was set to 200 mm with an average punch speed of 20 mm s. The forging interval was varied to examine its effect on the forged plate having an inclined cross-section. The plate forging conditions for both materials are shown in Table 2 . 3. Prevention of curvature of long plate having inclined cross-section in successive forging by side guide Fig. 4 shows the forged aluminum plates having a thickness of 3 mm for a forging interval of 5 mm. The plates in Fig. 4(a) and (b) were forged by the punches having a flat and a taper bottoms, respectively. Comparing between these punches, the flat bottom punch produced plates with waving on the sides of the plate and depression on the surface of the plate. The taper bottom punch instead, reduces waving and depression. A large curvature was observed on the plate formed due to the different reduction in thickness. Therefore, an exit guide consists of a side guide and an upper guide was introduced during the forging process to reduce the curvature of the plate having an inclined cross-section. The forged aluminum plates having an inclined cross-section with the exit guide and a taper bottom punch are shown in Fig. 5 . The curvature of the plate was reduced with the side guide. The relationship between the maximum and minimum reduction in the thicknesses and the forging interval for the aluminum plates are shown in Fig. 6 . A small forging interval increases the amount of the thickness reduction. A large forging interval requires a high load to deform the plate. Hence the large elastic deformation of the dies reduces the reduction in thickness. The maximum reduction in thickness for the plates forged by the taper and flat bottom punches shows a small difference. Fig. 7 shows the relationship between the forging load and the forging interval for the aluminum plates. Taper bottom punch required less forging load compared to the flat bottom punch. With the small forging intervals, the deformation area is small and hence the forging load reduces. For the taper bottom punch, the forging load shows little change due to the small flat surface area of the punch.
The degree of waving was defined as an average difference between the widths (w 1 -w 2 ), where w 1 is the maximum width and w 2 is the minimum width in each of 10 intervals of the forged plate. The relationship between the average width difference and the forging interval are shown in Fig. 8 . The waving decreases with the taper bottom punch and the small forging interval. The taper bottom punch reduces the large material deformation on the plate to minimize the waving effect. The successive forging operations of stainless steel plates with a taper bottom punch and an exit guide were carried out. The forging intervals were 1, 3 and 5 mm. Fig. 9 shows the stainless steel plate having an inclined cross-section for different forging intervals. The plates showed minimum waving and depression. However, a slight curvature formed on these plates. For the stainless steel plate with a forging interval of 1 mm, a burr formed on one side of the plate as shown in Fig. 9(a) . Forging the plate with a very small forging interval will cause a large plate curvature. The plate curved towards the side guide and shifted away from the forging area. As the plate shifted out, the burr was formed during the compression process.
Prevention of curvature of long plate having inclined cross-section in successive forging by grooved die
The deformation behaviors of the aluminum and stainless steel plates with the exit guide have been examined. Even though the side guide reduces the curvature of the forged plate having an inclined cross-section, the plates formed a burr for a forging interval of 1 mm and a slight curvature. To overcome these problems, a grooved die was introduced. The grooved die is shown in Fig. 10 . This die has a grooved width of 10.5 mm. The taper bottom punch and the upper guide were employed. The resulted stainless steel plates having an inclined cross-section are shown in Fig. 11 . For the forging intervals of 3 mm and 5 mm, the curvature of the plates was further reduced. Since the taper bottom punch was utilized, wrinkling and depression were minimized. For a forging interval of 1 mm, burr was eliminated however waving on the sides of the plates was observed.
The relationship between forging load of the stainless steel and aluminum plates and the forging interval is shown in Fig. 12 . The forging load for each material was almost the same for the forging intervals of 1, 3 and 5 mm using a taper bottom punch.
Conclusion
The successive forging process using an inclined punch is effective in forming a long plate having an inclined cross-section because of small forging load. The inclined punch having a taper bottom has the advantage of minimizing waving and depression of the forged plates. The curvature and burr of the forged plate were prevented by the grooved die. 
